Abstract. The effect of sulforaphane on nuclear factor erythroid 2-related factor 2 (Nrf2) and its protective mechanism for lung injury in rabbits with acute respiratory distress syndrome (ARDS) were investigated. Thirty rabbits were randomly divided into control (n=10), model (n=10) and experimental groups (n=10). Rabbits in model group and experimental group were treated with femoral venous injection of oleic acid to establish the ARDS model, while those in control group were injected with the same volume of normal saline. The experimental group received intravenous injection of sulforaphane. Twelve hours after modeling, the clinical manifestations and deaths of rabbits in each group were recorded and compared, including blood gas indexes, lung index (LI), alveolar damage coefficient, serum Nrf2 expression, as well as messenger ribonucleic acid (mRNA) and protein expression of Nrf2 in lung tissues. Pink frothy sputum and death were observed in rabbits in model group and experimental group, but the number of such cases in experimental group was smaller than that in the model group (p<0.05). Compared with those in control group, LI and IQA in model group and experimental group were increased, but LI and IQA in the experimental group were significantly decreased compared with those in the model group. Compared with those in the model group, the blood gas indexes (PaO 2 , PaCO 2 and SaO 2 ) in the experimental group were significantly increased (p<0.05). Nrf2 in serum and lung tissues of rabbits in experimental group was significantly increased compared with that in model group (p<0.05). Sulforaphane significantly inhibits ARDS in rabbits and plays a protective role in ARDS through upregulating Nrf2.
Introduction
Acute lung injury (ALI), also known as acute respiratory distress syndrome (ARDS), is a common critical disease caused by ALI (1, 2) . Its clinical features are the increased permeability of alveolar capillary barrier and air exchange dysfunction, and its typical clinicopathologic features include the injury of pulmonary capillary endothelial cells, extensive pulmonary edema and microatelectasis of alveolar epithelial cells, microthrombosis and microcirculation disorder (3) . Severe infections, trauma, shock, poisoning and inhalation of toxic gases are the most common causes of ALI (4) . At present, patients with ARDS mainly receive supportive therapy, especially the maintenance of ventilation and oxygenation, normal cardiac function and nutritional support, and application of nitric oxide and corticosteroids, so as to prevent further complications (5, 6) . Therefore, there is a lack of effective treatment means for ADRS.
Sulforaphane, also known as 'raphanin', is the extract of cruciferous vegetables (such as broccoli, Brussels sprouts and cabbage). As an agonist of nuclear factor erythroid 2-related factor 2 (Nrf2), sulforaphane has been proved to be able to activate the Nrf2 expression in the heart and the nervous system, and protect multiple organs, such as liver, lung and kidney (7, 8) . Moreover, it has also been shown that sulforaphane can protect Nrf2-positive peritoneal macrophages in mice (9); however, there are no studies on it in the ADRS model induced by inflammatory factors. In this study, the protective mechanism of sulforaphane against ADRS was mainly studied, so as to provide a certain theoretical basis for the clinical treatment of ADRS.
Materials and methods

Grouping and treatment of experimental animals.
A total of 30 specific pathogen-free (SPF) rabbits (license no. BD20174321) were purchased from the Laboratory Animal Center (Jiangsu, China). They were randomly divided into: Control (n=10), model (n=10) and experimental groups (n=10). Rabbits in the model group and experimental group were treated with femoral venous injection of 0.1 ml/kg oleic acid to establish the oleic acid-induced ARDS model, while those in control group were injected with the same volume of normal saline. Whereas, rabbits in the experimental group received femoral venous injection of 5 mg/ml/kg sulforaphane (Aokai, Guangzhou, China) dissolved by normal saline, while those in the model group were injected with the same volume of normal saline. Within 12 h after treatment, the reactions and deaths of rabbits in each group were observed and recorded.
Materials and detection of the indexes.
At 12 h after treatment of rabbits in each group, they were anesthetized with chloral hydrate, and the body weight of rabbits was recorded. Then blood was drawn from the femoral artery until the death of rabbits. The blood was placed at 4˚C for 1 h for stratification, followed by centrifugation at 2,380 x g for 10 min. The upper-layer serum was taken, and rabbit lung tissues were excised and weighed, and the lung index (LI) was calculated: LI = total lung mass (g)/body mass (kg). After weighing, lung tissues were immediately divided into two parts; one part was stored in liquid nitrogen for reverse transcription-polymerase chain reaction (RT-PCR), while the other part was fixed in 4% paraformaldehyde for hematoxylin and eosin (H&E) morphological examination and immunohistochemistry (IHC). The study was approved by the Ethics Committee of Cangzhou Central Hospital (Cangzhou, China).
The alveolar damage coefficient [index of quantitative assessment (IQA)] was calculated following the steps below: Six H&E staining sections of lung tissues were taken from rabbits in each group, and 10 images were taken in the same field of view, and the number of damaged alveoli (containing more than 2 erythrocytes or neutrophils in alveoli) was calculated. The ratio of the number of damaged alveoli to the total number of alveoli was used as the IQA to evaluate the degree of lung injury.
RT-PCR.
Total ribonucleic acid (RNA) was extracted by using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) from lung tissues, and purified by using the extraction kit (Qiagen, Valencia, CA, USA) according to instructions provided by the manufacturer. The content of Nrf2 gene was detected by using the qRT-PCR kit, followed by quantification using the fluorescence quantitative detection system (Applied Biosystems, Foster City, CA, USA), with β-actin as the internal reference. Primer sequences of gene amplification are as follows: Nrf2 forward, 5'-CCCACACAAGGTTCGGCATCAC-3' and reverse, 5'-TGGCGATTCCTCTGGCGTCT-3'; β-actin forward, 5'-CGCGCCATCAAGGAGAAGCTG-3' and reverse, 5'-ATTGCCAATGGGTGATACCTG-3'.
Enzyme-linked immunosorbent assay (ELISA) detection.
Commercially-available ELISA kits were used to detect the serum Nrf2 in rabbits in each group. According to instructions provided by the manufacturer, Nrf2 was labeled by using the double-antibody sandwich method, and the optical density (OD) values were detected by using a microplate reader at dual wavelengths of 450 and 600 nm, and the sample concentration was calculated.
H&E staining and IHC. The nuclei and cytoplasm of lung tissues were stained with H&E (Google Biological Co., Ltd., Wuhan, China), and sections were dehydrated with gradient ethanol and then sealed with neutral gum. The Nrf2 protein (1:500; Cell Signaling Technology, Danvers, MA, USA) expressed in the nuclei was specifically labeled by using the two-step method and IHC assay kits (Zhongshan Golden Bridge Biotechnology Co., Ltd., Guangzhou, China). H&E and IHC sections were observed under an inverted microscope (DM-5000B; Leica Store Wetzlar, Wetzlar, Germany). At least 3 regions were photographed in each section, and brown yellow-stained cells in IHC staining were positive cells; the proportion of Nrf2-positive cells in each field of view in the total cells ≤5% indicated negative, while that >5% indicated positive.
Arterial blood gas analysis. Blood was drawn from the femoral artery under anesthesia, and the blood gas indexes (PaO 2 , PaCO 2 and SaO 2 ) were determined by using a blood-gas analyzer (Hunan Sanhe Apparatus, Changsha, China).
Statistical analysis. Experimental results were analyzed by using GraphPad Prism statistical software 5.01 (GraphPad Software, Inc., La Jolla, CA, USA). Measurement data are presented as mean ± SD, and one-way analysis of variance (ANOVA) was used for the comparison of differences among groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Clinical manifestations and mortality rate of the rabbit models. Within 12 h after modeling, rabbits in both model and experimental groups spit pink frothy sputum, including 5 rabbits (50%) in the model group, and only 2 rabbits (20%) in the experimental group. There were 6 deaths (60%) in the model group and 3 deaths (30%) in the experimental group (Table I) .
Pathological examination of lung tissues of rabbits.
Compared with the rabbit lung tissues in control group, obvious alveolar edema, alveolar interstitial serous exudate, aggregation of a large number of inflammatory cells, and partial pulmonary septal thickening could be seen in rabbits in model group. In experimental group, there was no aggregation of a number of inflammatory cells, but only a small amount of serous exudate (Fig. 1 ).
Detection of Nrf2 mRNA level in rabbit lung tissues via RT-PCR.
There was no statistically significant difference in the comparison of Nrf2 mRNA level in rabbit lung tissues between model group and control group (p>0.05), and Nrf2 mRNA level in rabbit lung tissues in experimental group was significantly increased compared with that in model group (p<0.05; Fig. 2 ).
Detection of serum Nrf2 content in rabbits via ELISA.
ELISA showed that there was no statistically significant difference in the comparison of Nrf2 protein level in rabbit lung tissues between model and control groups (p>0.05), and Nrf2 protein level in rabbit lung tissues in experimental group was significantly increased compared with that in model group (p<0.05), which were consistent with results of RT-PCR (Fig. 3) .
Detection of Nrf2 protein expression in rabbit lung tissues via IHC.
Nrf2 protein was mainly located in the cytoplasm. As shown in Fig. 4 , the Nrf2 expression was negative in rabbit lung tissues in control group, which was negative in model group, but strongly positive in the experimental group.
Comparison of lung injury indexes between two groups of rabbits.
LI was selected to show the degree of pulmonary edema (Table II) .
Comparison of arterial blood gas indexes between two groups of rabbits.
Compared with those in control group, the blood gas indexes (PaO 2 , PaCO 2 and SaO 2 ) in the model and Table I . The percentage of pink frothy sputum and death occuring in three groups at 12 h from modeling. experimental groups were obviously decreased (p<0.05); but the blood gas indexes in the experimental group were significantly increased compared with those in the model group (p<0.05; Table III) .
Pink frothy sputum Death -----------------------------------------------
Discussion
ARDS is a non-cardiogenic pulmonary edema secon dary to alveolar damage after inflammatory process. However, the pathogenesis of this disease remains to be elucidated (10) . It was believed initially that the primary cause of ALI is the cell activation caused by pathogenic factors and body fluid, leading to inflammatory response syndrome and pathological processes, such as alveolar collapse, imbalance of ventilation/perfusion ratio and decreased lung compliance (11) . The imbalance of inflammatory response and anti-inflammatory response is of great significance in the development of ARDS. According to its pathological features, ARDS can be divided into early and late stages: Acute lung tissue inflammation and injury (12) . The occurrence of inflammation begins from the inflammatory cell exudate and immune cell-mediated breakdown of alveolar epithelial interstitial barrier, making plasma and proteins, flood the pulmonary interstitium and air space in turn (13) . Currently, ARDS is recognized as a neutrophil-driven disease; moreover, it has been increasingly recognized that innate cells (including macrophages and platelets) and adaptive immune system are involved in the incidence of ARDS (14, 15) . Experiments have found that neutrophils and macrophages are recruited into inflammatory lesions. The resulting inflammatory exudate interacts with the surfactant, finally causing dysfunction (16) . H&E assays in this study clearly showed the aggregation of a number of inflammatory cells in rabbit lung tissues, which was consistent with the above conclusion.
Nrf2 is a key regulator of antioxidant gene activation. Reactive oxygen species (ROS) produced under pathological conditions interact with the protein to damage the body through a variety of pathways. Nrf2 can regulate the expression of thioredoxin peroxidases, enhance the ability of cells to scavenge ROS, maintain the redox equilibrium state of cells, and reduce the oxidative damage (17) . Currently, the study on Nrf2 has shown that it is a promising therapeutic target for ADRS, and many studies have demonstrated the importance of Nrf2 activation in protecting ALI/ARDS (18) . The study of Yu et al found that sulforaphane increases the Nrf2 gene expression in lung tissues of mice with lipopolysaccharide (LPS)-induced ALI (19) . Nrf2 is also involved in the infection-induced ALI. Studies have shown that pneumonia is caused by Staphylococcus aureus, and develops into ALI in extreme cases due to increased alveolar permeability, neutrophil infiltration and production of cytokines. Compared with those in Nrf2 -/-mice, ROS produced by mitochondria and mitochondrial autophagy-degradation-induced pulmonary epithelial cell apoptosis are significantly inhibited in Nrf2 +/+ transgenic mice vaccinated with Staphylococcus aureus (20) . In this study, sulforaphane significantly increased the Nrf2 expression in rabbit lung tissues and serum, and protect from lung injury in rabbits.
In conclusion, results of this study indicate that sulfadoxine exerts a significant anti-inflammatory effect on ARDS in rabbits through upregulating the Nrf2 expression. In addition, results of this study provide a certain theoretical basis for the application of sulforaphane and clinical prophylactic treatment of ALI.
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